Background: The Solanum species have been used for the treatment of warts, tumor and cancer in folk medicine. The S. incanum extract is an important traditional Chinese medicine in Taiwan since 1973. The purpose of the present study was to evaluate the efficacy and safety of Solanum incanum (synonym: Solanum undatum) extract (SR-T100), a water-soluble product primarily composed of alkaloid solamargine, for the treatment of human condyloma and to study the possible underlying anti-condyloma mechanisms.
Background
Genital warts or condyloma are the visible papules or papilliform tissues that are infected with human papillomaviruses (HPV), which consist of mostly HPV 6 and 11 [1, 2] . It has been estimated that 75-80% of sexually active adults acquire a genital tract HPV infection before the age of 50 years. In addition to condyloma, some HPV genotypes have oncogenic potential, such as HPV-16 and HPV-18, which have been recognized as the causative agents of cervical cancer. The transforming activity of oncogenic HPVs is provided by the E6 and E7 oncoproteins [3] .
The primary strategy for treating warts is to remove the lesions. Chemical therapy aims to induce cell death. Podofilox arrests the tumor cell cycle, trichloroacetic acid (TCA) causes protein coagulation, and fluorouracil interferes with DNA synthesis. Immunologic therapy, such as imiquimod, induces cytokine production. Surgical methods via cryotherapy, laser ablation, or excisional therapy are reserved for condylomas that are not suitable for medical treatment or are refractory to the treatment modalities. Although each of these treatment modalities is efficacious in some patients, they are not completely without side effects and sequelae. Chemical and immunologic therapy may cause redness, swelling and pain, and surgical intervention may result in infection, bleeding, and/or poor cosmetic outcomes.
The anti-tumor effects of Solanum species have been previously reported, and several active ingredients, including solamargine, solasodine, and solasonine, suppress tumor growth in vitro and in vivo [4] . The mechanisms of the anti-tumor effect may be the increased expression of tumor necrosis factor receptor (TNFR) [5] [6] [7] , or sensitization of the tumor cells to the cytotoxic agent [8, 9] .
Recently, Solanum incanum extract (SR-T100), a water-soluble product that is primarily composed of the alkaloid solamargine, was shown to be an active treatment agent for skin squamous cell carcinoma (SCC) in vitro and in mice and in skin actinic keratosis patients [10] . In addition, SR-T100 may inhibit ovarian cancer formation by downregulating aldehyde dehydrogenase 1-mediated stemness and chemoresistance [11] .
The purpose of the present study was to evaluate the efficacy and safety of SR-T100 gel for the treatment of human condyloma and to study the possible underlying anti-condyloma mechanisms.
Methods

Safety and efficacy of SR-T100 gel on the vulvar condyloma acuminatum
The SR-T100 stock solution and SR-T100 gel were provided by G&E Herbal Biotechnology Company (Tainan, Taiwan). SR-T100 is manufactured from the fruits of Solanum incanum according to the patents (US patent 7,078,063, EU patent 1,058,334, and Japan patent 3,940,928).The chromatographic fingerprint of SR-T100 was shown in the Additional file 1: Figure S1 . It revealed two major components, solamargine and solasonine as identified by comparisons with reference standards (APIN Chemicals, UK).
We conducted a pilot clinical study to evaluate the efficacy and safety of SR-T100 gel (2.3% solamargine in Solanum incanum plant extract) in patients with external genital warts (EGW) or human vulvar condyloma acuminatum (ClinicalTrials.gov Identifier: NCT01676792). After obtaining approval from the Institutional Review Board (IRB No:HR-98-069) and informed consent from the patients, we enrolled patients at the Department of Obstetrics and Gynecology, National Cheng Kung University Hospital (Tainan, Taiwan). The detailed protocol and flow chart are shown in Additional file 1: Table S1 .
Males or females older than 20 years of age who had at least one EGW with a lesion size greater than 5 mm in diameter were candidates for this study. The primary endpoint was to evaluate the treatment efficacy based on patients who received a 16-week treatment and presented evaluable measurement data by the end of the 20th week. The topical SR-T100 gel was self-applied to the lesion(s), including its peripheral normal skin approximately 1 cm around the lesion, in an amount of 0.02 g/cm 2 once daily with occlusive dressing. Patients who were unable to tolerate the occlusive dressing were instructed to apply the gel 3 times daily: in the morning, in the afternoon and before going to bed. It was recommended that the medication be re-applied after bathing or cleaning. Patient who had grossly suspicious or inflamed nodes on physical examination, had other organ site malignancy, currently under treatment and contraindicates this protocol therapy, use of any investigational drug in the 30 days before screening, pregnant or lactating women or women of childbearing potential using inadequate contraceptive methods, had immunodeficiency were excluded. The detailed protocol and flow chart are shown in Additional file 1: Table S1 . Local skin reactions were assessed and graded as follows: 0 = absent; 1 = mild (slight, barely perceptible); 2 = moderate (distinct presence); 3 = severe (marked, intense). The treatment response was evaluated by the tumor volume (length x width x height). A complete response (CR) was defined as 100% of targeted lesion cleared, a partial response (PR) was defined as > 75% of the targeted lesion cleared, progressive disease (PD) was defined as the development of new lesions or tumor growth, and stable disease (SD) was defined as lesions between PR and PD. The study nurse will guide the subjects to apply the gel before giving medications, and for each follow-up visit, subjects have to bring the medications back to check and weigh the used amount of medications to ensure patient's compliance. Patients who received a single local application of the SR-T100 gel were included in the analysis to determine their subsequent responses.
Cell culture and reagents
HeLa cells and human 293 embryonic kidney cells were purchased from the American Type Culture Collection (ATCC, Rockville, MD, USA). Cell lines were maintained in Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Sigma Chemical Co., St. Louis, MO, USA), 20 mM HEPES, and 50 mg/ml gentamicin. For primary epithelial cells, normal uterine cervical cells were derived from patients who had undergone hysterectomy and were cultured in serum-free keratinocyte medium (Keratinocyte-SFM; Invitrogen) as previously described [12] . The 3-methyladenine (3-MA), pepstatin A (PSTA), wortmannin (WT), trans-epoxysuccinyl-L-leucylamido-(4-guanidino)-butane (E-64), benzyloxycarbonyl-valyl-alanyl-aspartic acid (O-methyl)-fluoromethylketone z (Z-VAD-FMK), monodansylcadaverine (MDC), and anti-β-actin antibody (clone AC-15; 1:25,000) were obtained from Sigma Chemical Co. DiOC6(3) was purchased from Molecular Probes. H2DCFDA was obtained from Thermo Fisher Scientific Inc. The Cell Titer Glo and Caspase-Glo® 3, 8, 9 Assay kits were purchased from Promega (Madison, WI, USA). The primary antibodies were against LC3 (MBL, Nagoya, Japan), TNF-R1 (60192-1-Ig Proteintech, Chicago, USA), Fas (CD95 antibody N3C2, GeneTex, Inc.), and cleaved caspase-3 (#9661) (Cell Signaling Technology, Inc.). Cisplatin (Fresenius Kabi Oncology Ltd., Haryana, India) was kindly provided by the Cancer Center at National Cheng Kung University Hospital, Tainan, Taiwan. The SR-T100 stock solution and SR-T100 gel (with 2.3% of solamargine in Solanum incanum plant extract) were provided by G&E Herbal Biotechnology Company (Tainan, Taiwan). SR-T100 was manufactured from the fruits of S. incanum according to the patent (US patent 7,078,063, EU patent 1,058,334, and Japan patent 3,940,928). In brief description, the active component of solamargine was extracted by acid-base precipitation and followed by the different ratios of ethanol/H2O extraction. The final extraction was then dried by lyophilization. Solamargine in SR-T100 extract was quantified by revers-phase high performance liquid chromatography, and diluted to a concentration of 10 mg/ml with pure water as a stock solution. SR-T100 contains solamargine and solasonine with the ratio approximately 65 to 35, and less than 20% of hydrophilic minor components. Previous studies have demonstrated that solamargine, and to a lesser extent of solasonine, was the major active component of S. incanum against various tumor cells. [13] . Furthermore, other components within SR-T100 did not show cytotoxicity to tumor cells [10] .
Thus, solamargine serves as standard in the present study for quality control. Since the SR-T100 gel is conducting clinical trials under US and Taiwan FDA approvals, the analytical method for quantifying SR-T100 gel is validated according to the standard pharmaceutical procedures.
Condyloma sample collection, DNA extraction and HPV genotyping Condyloma samples were obtained by evenly swabbing the lesions using a cytobrush. The brush was then placed in a cone-shaped tube with transport medium for DNA extraction and genotyping. The DNA samples were extracted using the QIAamp DNA Blood Mini Kit (QIA-GEN, Cat. No. 51104). We used the HPV Blot chip (Easychip® HPV Blot, King Car Co., I-Lan, Taiwan) as previously described [14] to detect and genotype the HPV DNA in the lesions. The assay is based on the detection of a fragment in the L1 open reading frame of HPV and can detect 39 types of HPV DNA in a single reaction. HPV was classified into high-risk or low-risk types according to the report by Muñoz et al. [15] . In this study, we classified probable high-risk types (i.e., 26, 53, and 66) as high-risk HPV types.
Construction of HPV6b, 11, 16, 18, −E6 and -E7 lentiplasmids, lentiviral particles and HPV-associated primary epithelial cells
The lentiviral vectors, pWPXL/HPV-E6 and -E7 were constructed by replacing the GFP coding region in pWPXL/GFP, which was provided by Professor Wu CL in the Department of Biochemistry and Molecular Biology, National Cheng Kung University (Tainan, Taiwan), with the E6 or E7 DNA fragments of HPV 6b, HPV11, HPV16 and HPV18 at MluI/EcoRI sites. The pGEM-HPV 6b, −HPV11, −HPV16, and -HPV18 plasmids were kindly provided by Dr. Huang CC in the Department of Pathology, Kaohsiung Chang Gung Memorial Hospital (Kaohsiung, Taiwan). The different types of HPV-E6 and -E7 fragments were obtained by polymerase chain reaction (PCR) amplification from different type of HPV plasmids, in which a BglII site and an EcoRI site were introduced in the 5′-end and the 3′-end, respectively. The detailed sequences of the PCR primers are listed in Additional file 1: Table S2 . The PCR products were digested with BglII/EcoRI, cloned into pcDNA3-HA-HIF1 at by BamHI/EcoRI sites, and further sub-cloned into pWPX at MluI/EcoRI sites. Various recombinant lentiviruses were produced by transiently transfecting 293 T cells with pWPXL/GFP or pWPXL/Null; pWPXL/ HPV6b-E6 or -E7; pWPXL/HPV11-E6 or -E7; pWPXL/ HPV16-E6 or -E7; or pWPXL/HPV18-E6 or -E7, with the packaging plasmid psPAX2 and the VSV expression plasmid pMD2.G using the calcium phosphate precipitation method. After 48 h, the lentiviral particles were collected from the supernatant.
Ten lentiviral particles were produced, including Lenti-GFP, Lenti-Null (no transgenes), Lenti-HPV6b-E6, Lenti-HPV6b-E7, Lenti-HPV11-E6, Lenti-HPV11-E7, Lenti-HPV16-E6, Lenti-HPV16-E7, Lenti-HPV18-E6 and Lenti-HPV18-E7, which were titrated using a previously described method [16, 17] . Normal cervical epithelial cells were simultaneously infected with a MOI of 5 Lenti-HPV6b-E6 and Lenti-HPV6b-E7 for 24 h to produce HPV6b-E6/E7-expressing primary epithelial cells (HPV6b cells). The same procedures were used to produce the Null (Null cells), HPV11-E6/E7 (HPV11 cells), HPV16-E6/E7 (HPV16 cells) and HPV18-E6/E7 (HPV18 cells) primary epithelial cells.
RNA extraction and reverse transcriptase-polymerase chain reaction (RT-PCR)
RT-PCR was used to confirm the expression of the different types of HPV E6 and E7 genes in the primary epithelial cells. Total RNA was extracted from the different types of HPV E6/E7 primary epithelial cells using the RNeasy Mini kit (Qiagen, Valencia, CA). Total RNA (2 μg) was reverse transcribed to cDNA using reverse transcriptase (Promega Corporation, Madison, WI, USA.) Briefly, the RNA samples were heated with RNase-free H 2 O and oligo-dT(15) primers (Promega Corporation, Madison, WI, USA) for 5 min at 70°C and immediately cooled on ice. Subsequently, a deoxyribonucleoside triphosphate (dNTP), 5× first strand buffer, RNase inhibitor, and M-MLV (Moloney murine leukemia virus) reverse transcriptase were gently mixed and then incubated at 42°C for 60 min. The HPVE6/E7 primers are described above. RT-PCR was performed on a thermal cycler (Applied Biosystems, Foster City, CA, USA) using GoTaq Green Master Mix (Promega Corporation, Madison, WI, USA.). The PCR products were resolved on 2% agarose gels. GADPH was used as an internal control.
Cell viability assay
The CellTiter-Glo® Cell Viability Assay (Promega, Madison, WI, USA) according to the manufacture's protocol was used to determine the cell viability after SR-T100 treatment. Briefly, 1 × 10 5 normal cervical epithelial cells/well were grown in 96-well plates overnight at 37°C and then simultaneously infected with Lenti-HPV6b-E6 or -E7 (to produce HPV6b cells), Lenti-HPV11-E6 or -E7 (to produce HPV11 cells), Lenti-HPV16-E6 or -E7 (to produce HPV16 cells), or Lenti-HPV18-E6 or -E7 (to produce HPV18 cells) for 24 h. The cells were then further treated with the indicated concentrations of SR-T100 (μg/ml) for 24 h. Dose-inhibition curves and the IC 50 of SR-T100 were calculated for the different types of HPV-E6/E7-infected primary epithelial cells using commercial software (SigmaPlot V10.0, Systat Software, Inc., Richmond, CA, USA).
Cell death measurements
The distribution of apoptotic cells was determined using the FITC Annexin V Apoptosis Detection Kit I (BD Pharmingen™) as previously reported [18] . Briefly, different types of HPV-E6/E7 primary epithelial cells were treated with SR-T100 for 12 h. In another set of experiment, SR-T100-treated cells were treated concomitantly with the autophagy inhibitors WT (200 nM) for 3 h or 3-MA (2.5 mM) for 30 min. All cells were collected and resuspended in 1X Binding Buffer at a concentration of 1 × 10 6 cells/ml. The Annexin V and/or propidium iodide (PI) reagents were added to 100 μL of cells in a microtube and incubated in the dark for 20 min at room temperature. The cells were then analyzed using BD FACSDiva software and a FACSCanto II flow cytometer (BD Biosciences).
Detection of caspase activity
Caspase-3, −8 and −9 activities were assayed using a luminescent assay kit (Promega, Madison, WI, USA) according to the manufacturer's instructions. Briefly, the different types of HPV-E6/E7 primary epithelial cells were treated with SR-T100 (5 μg/ml) for 12 h. The samples were mixed with substrates and incubated in a 25°C incubator for 2 h in the dark. The plate was read on a Luminoskan Ascent microplate luminometer (Thermo). The changes in caspase activity were calculated as the percent change in the absorbance (luminescence) of the cells treated with or without SR-T100.
Measurement of mitochondrial membrane potential (MMP)
The MMP was measured by assessing DiOC6(3) uptake to detect the mitochondrial apoptosis pathway, as previously described [19] . Briefly, different types of HPV-E6/ E7 primary epithelial cells were treated with SR-T100 for 12 h, followed by staining with 40 nM DiOC6(3) for 30 min at 37°C in the dark. The MMP was determined by measuring the retention of DiOC6(3) with a FACSCanto II flow cytometer (BD Biosciences). The data were sorted by analyzing 20,000 events using BD FACSDiva software. The fraction of cells (M1) with low MMP levels was identified by flow cytometry.
Visualization and quantitative analysis of intracellular autophagic vacuoles
MDC staining and GFP-LC3 aggregation were used to quantify the autophagic vacuoles as previously described [18] . For the MDC staining experiment, different types of HPV-E6/E7 primary epithelial cells were grown on coverslips, treated with SR-T100 for 12 h, incubated with 0.05 mM MDC (Sigma) for 10 min at 37°C, washed four times with PBS, and immediately analyzed by fluorescence microscopy (Olympus BX51, Tokyo, Japan). Images of the MDC-labeled vacuoles were obtained with a CCD camera. For the GFP-LC3 aggregation assay, normal cervical epithelial cells were first transfected with pGFP-LC3 using electroporation with the Neon® Transfection System (Thermo), then infected with different types of Lenti-HPV-E6 and -E7 viruses, and treated with SR-T100 for 12 h. The cells were subsequently analyzed by fluorescence microscopy. The number of MDCpositive or GFP-LC3-positive dots was then counted. At least 50 cells were counted in each microscopic field at 200× magnification. A total of five different fields were investigated.
Transmission electron microscopy (TEM)
We used transmission electron microscopy to observe the numerous autophagic vacuoles with a doublemembrane structure as previously described [18] . Different types of HPV-E6/E7 primary epithelial cells were treated with or without SR-T100 for 12 h, washed with 0.1 M phosphate buffer (pH 7.2), and prefixed in the same buffer containing 2% formaldehyde and 2.5% glutaraldehyde in situ for 24 h at 4°C. The samples were postfixed in 1% osmium tetroxide (OsO4) for 1.5 h at 4°C, dehydrated in increasing concentrations of ethanol and pure propylene oxide (PO), embedded in Embed-812 resin at room temperature, and polymerized in a 60°C oven for 20 h. The samples (90 nm) were cut from the blocks and then contrasted with lead citrate and uranyl acetate. The samples were viewed with an H-7650 transmission microscope (HITACHI, Japan).
Western blotting
Western blotting was used to determine LC3-I/II, TNF-R1, and FAS expression in the different types of HPV-E6/E7 primary epithelial cells treated with or without SR-T100. LC3 was detected and quantified by western blotting to monitor autophagy activity. In the LC3-I/II expression experiment, the protease inhibitors PSTA (10 μg/ml) and E-64 (10 μg/ml) were added to the culture medium before SR-T100 treatment to prevent degradation of the LC3 protein. Equal amounts of protein from the lysates of cells subjected to various treatments were resolved by SDS-PAGE and transferred to Hybond™-P PVDF transfer membranes (Amersham Biosciences). After incubation with the indicated primary antibody, the membrane was incubated with an HRPconjugated secondary antibody. Antibody binding was detected by enhanced chemiluminescence followed by exposure to X-ray films or the BioSpectrum® Imaging System (UVP). The LC3-II levels were further normalized to the levels of the "housekeeping" protein actin to monitor autophagy, as suggested in published guidelines [20] . The LC3-II/actin ratio was calculated based on the densitometry analysis of both bands.
Statistics
The experimental results were expressed as mean ± S.D. For the SR-T100 inducing growth inhibition and apoptotic cell death in primary epithelial cells expressing different types of HPV-E6/E7 assays, the data were analyzed using a two-way analysis of variance (ANOVA). Student's t-test or one-way ANOVA was used to assess two or multiple groups with Newman-Keuls post hoc test. The association between HPV types and SR-T100 response was analyzed using Fisher's exact test. A Pvalue < 0.05 was considered statistically significant. All analyses were performed using the SPSS statistical software package (SPSS Statistics version 16, SPSS Corporation, Chicago, IL, USA).
Results
The SR-T100 gel is effective and safe for the treatment of vulvar condyloma A total of 26 patients were enrolled into this study. Among them, 16 patients completed the treatment, 6 patients withdrew consent because of concerns regarding the treatment schedule, 3 patients decided to receive other treatments due to a poor response to SR-T100, and one patient was lost to follow-up after the 6th visit. All the patients received at least one local application of the SR-T100 gel. The clinical information, treatment response and HPV typing of the patients are shown in Table 1 . Sixteen cases had complete response (100% clearance of lesions); the rate of complete clearance for SR-T100 was 61.5% (16/26) in this study. Three cases showed a partial response (> 75% lesion volume reduction). Therefore, the response rate of SR-T100 in this study was 73% (19/26) .
For the HPV types, 13 cases were only infected with low-risk HPV types, and 13 cases were infected with a mixture of low and high-risk HPV types. HPV 6 was the most common HPV type and was observed in approximately 61.5% (16/26) of patients. HPV11 was the second most common HPV type and was observed in approximately 30.7% (8/26) of the patients in this study.
Regarding the side effects of the SR-T100 gel used in this study, 2 patients had moderate stinging/burning sensations in the skin, and 3 patients had grade 2 to 3 itching. One patient experienced severe stinging/burning sensations that caused her to withdraw from the trial.
Cells expressing high-risk type HPV E6/E7 are resistant to SR-T100-induced apoptosis Based on the HPV typing and treatment response analyses, we found that patients infected with high-risk HPV types were less responsive to SR-T100 treatment (p = 0.027, Fisher's exact test, Table 2 ). We generated 10 recombinant lentiviruses and produced 4 HPV-containing primary cells that expressed low or high-risk HPV E6/E7 types, as described in Materials and Methods section, to investigate the effects of low or high-risk types of HPV infection on SR-T100 treatment. The cells were treated with the indicated concentrations of SR-T100 for 24 h, and the cell viabilities were calculated and the low or high-risk type HPV E6/E7 expression in cervical epithelial cells was confirmed by RT-PCR as shown in Fig. 1a .
These results suggested that SR-T100 induced cell death and inhibited cell proliferation in a dosedependent manner. The IC 50 values of SR-T100 in the HPV6b, HPV11, HPV16, and HPV18-E6/E7 cells were 5.1, 5.2, 6.7, and 6.5 μg/ml, respectively. Cells expressing high-risk types of HPV-E6/E7 were more resistant to SR-T100 treatment. Apoptotic cell death was evaluated using Annexin V/PI double staining to further determine whether SR-T100-induced cell death was mediated by apoptosis. The flow cytometry analysis showed that SR-T100 induced apoptosis in HPV-expressing primary cells (Fig. 1b) . These data suggested that apoptotic cell death events contributed to the growth inhibitory effect of SR-T100. When the cells were treated with SR-T100 (5 μg/ ml) for 12 h, the percentages of apoptotic HPV 6b-E6/ (Fig. 1c) .
SR-T100 induces mitochondria-dependent apoptosis in HPV-expressing cells, particularly in cells expressing the low-risk HPV-E6/E7 type
Previously, SR-T100 was shown to induce skin cancer apoptosis through both tumor necrosis factor receptor (TNFR) signaling and mitochondrial pathways [10] . Mitochondrial function is critical for cell viability. Disruption of the mitochondrial membrane potential may irreversibly induce cell apoptosis. In this study, we did not observe increased TNF-R1 and Fas expression (Fig. 2a) or caspase-8 activation (Fig. 2d ), but we did observe a loss of MMP (Fig. 2b-c) and caspase-9 and -3 activation (Fig. 2d ) in HPV-infected cells after treatment with SR-T100. In addition, the percent changes in MMP and caspase-9 and -3 activities were significantly increased in HPV6b-E6/E7-and HPV11-E6/E7-expressing cells compared with HPV16-E6/E7-and HPV18-E6/E7-expressing cells. Our data suggested that SR-T100 induced apoptosis through the mitochondrial pathway in HPV-infected primary epithelial cells and was more effective in cells infected with low-risk HPV types.
SR-T100 induced a greater autophagic response in HPV16-E6/E7 and HPV18-E6/E7 cells than in HPV6b-E6/E7 and HPV11-E6/E7 cells
Autophagy, a highly conserved catabolic process for the degradation of proteins and organelles, has been shown to act as a pro-survival or pro-death mechanism under different physiological and pathological conditions [21] . HPV-infected cells were treated with SR-T100 (5 μg/ml) for 12 h and assayed for LC3 expression, GPF-LC3 aggregation, and MDC staining using fluorescence microscopy. In addition, autophagy was assessed by TEM to evaluate its involvement in the effects of SR-T100 treatment (Fig. 3) . Following the induction of autophagy, LC3 is modified to a membrane-bound form, LC3-II (a LC3-phospholipid conjugate), which translocates to and aggregates on the membrane of autophagic vacuoles [22] . LC3 aggregation and LC3-II conversion are widely used as indicators of autophagy [20] . As shown in Fig. 3a , the fold changes in the LC3-II/actin ratio between cells treated with SR-T100 and cells without SR-T100 treatment were 1.2, 1.3, 1.3, 1.7, and 1.5 in HPV Null, HPV6b-, HPV11-, HPV16-, and HPV18-E6/E7 cells, respectively. As shown in Fig. 3b , the number of GFP-LC3-positive dots was significantly increased among cells expressing HPV16-E6/E7 and HPV18-E6/E7 compared with cells expressing HPV6b-E6/E7 and HPV11-E6/E7. The MDC fluorescent dye has been suggested to be a specific marker for autophagic vacuoles. In Fig. 3c , cells expressing HPV16-E6/E7 and HPV18-E6/E7 also displayed more punctate MDC fluorescence than cells expressing HPV6b-E6/E7 and HPV11-E6/E7 after SR-T100 treatment. We also observed autophagic vacuoles with a double-membrane structure after SR-T100 treatment using transmission electron microscopy to further verify that SR-T100 could induce autophagy in HPVexpressing cells, particularly HPV16-E6/E7-expressing cells (Fig. 3d) .
Autophagy inhibition enhances SR-T100-induced apoptosis in HPV 16-E6/E7 and HPV18-E6/E7 cells, whereas apoptosis inhibition enhances SR-T100-induced autophagy in HPV 6b-E6/E7 and HPV11-E6/E7 cells
We first used the autophagy inhibitors WT and 3-MA to block autophagy and study its relationship with apoptosis in HPV-expressing SR-T100-treated cells, as previously reported [18] . LC3-II expression decreased when cells were treated with WT or 3-MA (Fig. 4a) . The LC3-II/actin ratio in SR-T100-treated HPV16-E6/E7 cells was clearly reduced from 1.4 to 1.1 or 1.0 following treatment with WT or 3-MA, and from 1.3 to 1.0 or 0.9 in SR-T100-treated HPV18-E6/E7 cells. In addition, as shown in Fig. 4b . a The apoptoticassociated proteins TNF-R1 and Fas were detected by western blot. Lysates were collected after the cells were infected with the Lenti-HPV6b-E6/ E7, Lenti-HPV11-E6/E7, Lenti-HPV16-E6/E7 and Lenti-HPV18-E6/E7 viruses and treated with or without SR-T100 (5 μg/ml) for 12 h. Note that the TNF-R1 and Fas expression levels did not increase after SR-T100 treatment. b SR-T100 reduced MMP. Primary epithelial cells expressing different types of HPV-E6/E7 were treated with SR-T100 (5 μg/ml) for 12 h (lower panel) and stained with DiOC6(3) to measure MMP by flow cytometry. HeLa cells that had been treated with cisplatin (150 μM) for 24 h (upper panel) were used as the positive control. c Histograms of low-DiOC6(3) fluorescence-gated (M1) cells expressing different types of HPV-E6/E7. The data represent the mean ± SD of three independent experiments. **p < 0.01, HPV6b or HPV11 versus HPV16 or HPV18. d SR-T100 induced caspase-9 and -3 activation but not caspase-8 activation. Caspases-3, −8, and −9 activities were detected in primary epithelial cells expressing different types of HPV-E6/E7 before and after SR-T100 (5 μg/ml) treatment for 12 h. Note that no caspase-8 activation was observed after SR-T100 treatment, and caspase-9 and -3 activation was increased in HPV6b-E6/E7-and HPV11-E6/E7-expressing cells compared with HPV16-E6/E7-and HPV18-E6/E7-expressing cells, *p < 0.05, HPV6b or HPV11 versus HPV16 or HPV18 SR-T100-treated HPV16-E6/E7 cells, and from 20.80% to 27.34% or 34.25% in SR-T100-treated HPV18-E6/E7 cells. Furthermore, to understand the role of apoptosis in SR-T100-induced autophagy, we used the pan-caspase inhibitor Z-VAD-FMK to repress apoptosis. Caspase-3 cleavage was blocked and caspase-3 activity was reduced in HeLa cells treated with cisplatin in the presence of Z-VAD-FMK (50 μM) (Additional file 1: Figure S2a-b) . In HPV-infected cells, caspase-3 activity was reduced and cell viability was recovered in response to treatment with SR-T100 in the presence of Z-VAD-FMK (50 μM), particularly in HPV6b-E6/E7 and HPV11-E6/E7 cells (Additional file 1: Figure S2c-d) .
As shown in Fig. 4c , LC3-II expression increased following treatment with SR-T100 in the presence of Z-VAD-FMK, particularly in cells infected with the lowa b d c Fig. 3 SR-T100 induced a greater autophagic response in primary epithelial cells expressing HPV16-E6/E7 and HPV18-E6/E7. a Immunoblotting for LC3-I and LC3-II using lysates from primary epithelial cells expressing different types of HPV-E6/E7 treated with or without SR-T100 (5 μg/ml) for 12 h. Similar results were observed in at least three independent experiments. The number indicates the fold change in the LC3-II/actin ratios in cells treated with SR-T100 versus those without SR-T100 treatment. b Activation of autophagy was observed in primary epithelial cells expressing different types of HPV-E6/E7 that were treated with SR-T100 (5 μg/ml) for 12 h using GFP-LC3 accumulation. The cells were first transfected with LC3-GFP, infected with different types of Lenti-HPV-E6/E7 viruses, and then treated with SR-T100 for 12 h. GFP-LC3 accumulation was analyzed under a fluorescence microscope (400×), followed by quantitation of the number of green spots per cell showing LC3 accumulation in cytoplasmic vacuoles (inset panel). (***p < 0.001: HPV16 or 18 versus HPV6b or 11). Representative images of cells that were treated with SR-T100 for 12 h are shown. c Visualization of the activation of autophagy in primary epithelial cells expressing different types of HPV-E6/E7 that were treated with SR-T100 (5 μg/ml) for 12 h using MDC staining. The formation of autophagic vacuoles was suggested by the interspersed MDC labeling in the cytoplasm observed under a fluorescence microscope (400×). Representative images of cells that were treated with SR-T100 for 12 h are shown. Quantitative results of MDC staining from three independent experiments (**p < 0.001: HPV16 or HPV18 versus HPV6b or HPV11). d Ultrastructural images of the SR-T100-treated cells were obtained using an electron microscope. Primary epithelial cells were infected with or without HPV6b-E6/E7 or HPV16-E6/E7 lentiviruses for 24 h and treated with SR-T100 (5 μg/ml) for 12 h. The right panel (25,000×) shows the magnified image of the area indicated by the box in the left panel (8,000×). Autophagic vacuoles are denoted by arrows. Note the increased number of autophagic vacuoles in cells expressing HPV16-E6/E7. N, nucleus risk HPV type. The Z-VAD-FMK treatment significantly increased the fold change in the LC3-II/actin ratio from 2.6 to 4.8 in Null cells, 2.2 to 5.3 in HPV6b-E6/E7 cells, and 2.8 to 4.8 in HPV11-E6/E7 cells, whereas a mild increase from 4.3 to 5.3 and 5.5 to 5.5 was observed in HPV16-E6/E7 and HPV18 -E6/E7 cells treated with SR-T100, respectively (Fig. 4c) . The histogram showing autophagy activity showed a fold change in the LC3-II/ actin ratio when the HPV-infected cells were treated with or without SR-T100 or the pan caspase inhibitor Z-VAD-FMK, as shown in Fig. 4d .
Discussion
In this pilot study of condyloma treatment, 19 (73%) of 26 patients using the SR-T100 gel (2.3% solamargine in Solanum incanum plant extract) exhibited a response, and 16 (61.5%) patients achieved total clearance. In addition, only one patient showed a severe (grade [3] [4] skin-related side effect. Although an extract of Solanum dulcamara L. has been reported in folk medicine to treat warts [4] , this is the first reported trial of the use of solamargine to treat condyloma.
External genital condyloma or genital warts (EGW) are the most common sexually transmitted diseases worldwide and are caused by HPV infection. Low-risk (LR) HPVs predominate, with a prevalence of 89%, and the most prevalent genotypes are 6 and 11, followed by other high-risk (HR) HPV types [2] . Patient-applied home use medications for EGW include imiquimod, polyphenon E (green tea extracts), and podofilox (a purified podophyllin), which may produce skin erosions and burning in the majority of patients [23] .
Imiquimod is an immune response modifier that has been shown to induce cytokine production (interleukins, interferon, and TNF) [24] . Podophyllotoxin, the principal active component of podophyllin, blocks microtubule assembly and inhibits the proliferation of HPV-infected b c a d Fig. 4 Inhibition of autophagy resulted in increased apoptotic cell death in SR-T100-treated primary epithelial cells expressing HPV 16-E6/E7 and HPV18-E6/E7. a Wortmannin (WT) and 3-MA inhibited early autophagy activities in SR-T100-treated primary epithelial cells expressing HPV-E6/E7. Immunoblotting for LC3I/II using lysates from primary epithelial cells expressing different types of HPV-E6/E7 that were pretreated with the autophagy inhibitors wortmannin (WT) (200 nM) or 3-MA (2.5 mM) and then treated with or without SR-T100 (5 μg/ml) for 12 h. The blots were stripped and reprobed with an anti-β-actin antibody to ensure equal protein loading. Similar results were observed in three independent experiments. The number indicates the fold change in the LC3-II/actin ratios in cells treated with SR-T100 versus those without SR-T100 treatment. b Histograms show the number of apoptotic SR-T100-treated (5 μg/ml) cells (Annexin V-positive) that were incubated in the presence or absence of WT and 3-MA for 12 h. The cells were incubated with SR-T100 (5 μg/ml) in the presence or absence of the autophagy inhibitors WT or 3-MA for 12 h. At the end of the treatments, the cells were double labeled with Annexin V-FITC and propidium iodide (PI) and analyzed by flow cytometry to evaluate cell viability. WT and 3-MA significantly increased apoptotic cell death in primary epithelial cells expressing HPV16-E6/E7 and HPV18-E6/E7. The data represent the mean ± SD from three independent experiments. *P < 0.05; **P < 0.01. c The LC3-I and LC3-II proteins were detected by western blotting. The primary epithelial cells were infected with different types Lenti-HPV-E6/E7 virus for 24 h. After 24 h, the infected cells were incubated in culture medium in the presence or absence of the pan-caspase inhibitor Z-VAD-FMK (50 μM) for 30 min and then treated with SR-T100 (5 μg/ml) for 12 h. d The panel shows the percent change in the LC3-II/actin ratio compared with the untreated group in three independent experiments keratinocytes [25] . However, green tea extracts have antitumor and anti-proliferative effects and induce apoptosis in cancer cells by causing G0/G1-phase cell cycle arrest or stabilizing p53 via phosphorylation on critical serine residues [26] .
Treated warts were eradicated completely in 37% to 83% of patients using podofilox [27] , 50% of patients using 5% imiquimod cream [28] , and 52.5 to 57.2% of patients using 15% sinecatechin (polyphenon E) ointment [29] . The most common adverse effects of these drugs are local reactions, including erythema, pruritis/burning, pain, ulceration, and erosion, which were observed in 44% of patients using podophyllytoxin and 53.3% of patients using immiquimod [30] . In comparison, the SR-T100 gel produces good condyloma lesion responses, much less local tissue destruction and inflammation, and has the advantage over all treatments of use at home.
Oncogenic or high-risk (HR) HPV types (e.g., HPV types 16 and 18) are the cause of most cervical cancers, as well as the cause of anal, penile, vulvar, and vaginal cancers [3] . The primary transforming activity of highrisk HPVs is provided by the E6 and E7 oncoproteins. HR-HPV E6 and E7 can bind to and induce the degradation of p53 and pRB [31, 32] to exert their antiapoptotic activity. In contrast, LR-HPV E6 and E7 only bind to pRB and p53 but fail to induce degradation, exhibiting reduced anti-apoptosis ability [33, 34] .
Solamargine effectively induces apoptotic cell death in various cancer cell lines, mainly by activating TNFRs [5, 7, 9] . SR-T100, which is extracted from Solanum incanum, contains alkaloid solamargine as the main active ingredient and has been show to induce cutaneous squamous cell carcinoma cell apoptosis and to inhibit tumor growth in vivo [10] . In the present study, we showed that SR-T100 induced apoptosis in HPVassociated cells in vitro and induced patient condyloma regression in a clinical trial. Cells expressing HPV6b-E6/E7 and HPV11-E6/E7 were more sensitive to SR-T100 treatment than those expressing HPV16-E6/E7 and HPV18-E6/E7. Our results showed that SR-T100 did not significantly increase TNF-R1 and Fas expression or caspase-8 activity in HPV-infected epithelial cells ( Fig. 2a and d) . SR-T100 significantly decreased MMP and caspase-9 and -3 activity in cells expressing HPV6b-E6/E7 and HPV11-E6/E7 compared with those expressing HPV16-E6/E7 and HPV18-E6/E7, indicating that SR-T100 induced apoptosis in HPV6b-and HPV11-infected cells via the mitochondrial-dependent pathway (Fig. 2b-d) . The different apoptotic responses in HPV-infected cells induced by SR-T100 in the concentration of 5 μg/mL may be due to differences in the anti-apoptotic activity of E6/E7 of HR or LR HPVs. Experiments with higher concentration of SR-T100 may be needed to confirm this observation.
Autophagy is an evolutionarily conserved mechanism and has been characterized as an adaptation to cell damage during stress, thus promoting cell growth and survival [21] . Autophagy and apoptosis play major roles in determining cell destiny, and the connections and cross-talk between these two processes are still being investigated. The HPV16 E7 protein was found to induce an autophagy-like process in normal human keratinocytes, which may arise as a consequence of metabolic stress [35] . However, there have been no reports regarding the difference in autophagy abilities between cells expressing LR or HR HPV E6/E7 proteins. In the present study, we first showed that the autophagy response was significantly increased in cells expressing HPV16-E6/E7 and HPV18-E6/E7 compared with those expressing HPV6b-E6/E7 and HPV11-E6/E7 after treatment with SR-T100 (Fig. 3) . Because cells expressing HR HPV E6/E7 display increased anti-apoptotic activity ( Fig. 1) , this phenomenon may imply that cells expressing HPV16-E6/E7 or HPV18-E6/E7 exhibited increased autophagy activity to allow the cells to survive under stress conditions, i.e., treatment with SR-T100. Autophagy exerts a protective effect against apoptosis in HPV-infected cells treated with SR-T100.
Some studies have indicated that the suppression of autophagy enhances apoptosis under conditions of cellular stress [36] . In the present study, cells expressing HPV16-E6/E7 and HPV18-E6/E7 demonstrated a significant increase in apoptosis after treatment with SR-T100 using the autophagy inhibitors WT and 3-MA; however, no obvious changes in apoptosis were observed in the HPV 6b-E6/E7-and HPV11-E6/E7-expressing cells (Fig. 4a-b) . The results obtained for cells expressing HR HPVs were consistent with previous reports [36] . Using the pan-caspase inhibitor Z-VAD-FMK, we showed that cells expressing low-risk HPVs exhibited increased expression of LC3-II after treatment with SR-T100, whereas there were no obvious changes in the LC3-II levels in cells expressing high-risk HPVs (Fig. 4c-d) . Because autophagy-related genes (ATGs), i.e., ATG6 and ATG3, have been reported to be caspase substrates [37, 38] and Z-VAD-FMK can increase LC3-II formation [39] , cells treated with Z-VAD-FMK may display increased autophagy activities. The lack of an obvious change in LC3-II expression in cells expressing HR HPVs may be because LC3-II reached the maximum level of autophagy, as previously reported [40] .
Our results suggested that autophagy has a protective function in HPV-infected cells, particularly in SR-T100-treated cells infected with high-risk type HPVs. However, the detailed mechanism of SR-T100-induced apoptosis and autophagy in HPV-infected cells requires furthers investigation.
